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Future  military  operations  will  rely  much  more  heavily  on  robotic  systems  to  perform  a  variety  of  missions.  Ultimately,  the  success  of  these 
robots  lies  in  the  basic  robot  configuration  being  properly  tailored  to  the  intended  application.  A  new  hybrid  micro  vehicle  configuration, 
called  a  hopping  rotochute  has  been  created.  The  hopping  rotochute  configuration  is  optimized  to  operate  within  small  interior  spaces.  The 
vehicle  is  propelled  upward  by  a  small  rotor  that  is  powered  in  short  bursts  so  the  vehicle  hops  into  the  air  under  power  and  then  falls  to  the 
ground  when  unpowered.  The  mass  properties  and  exterior  shape  of  the  main  body  of  the  vehicle  are  designed  to  be  self-righting  so  no 
matter  what  orientation  the  vehicle  lands  it  always  rotates  into  its  nominal  position  once  on  the  ground.  To  control  the  direction  of 
movement  of  the  vehicle,  an  internal  mass  is  rotated  around  the  perimeter  of  the  body  to  tilt  the  main  body  in  the  desired  direction  before  a 
given  launch.  Perfonnance  of  this  new  vehicle  has  been  predicted  with  a  dynamic  simulation  model  with  good  results.  A  prototype 
hopping  rotochute  has  been  constructed  and  flight  tested  in  the  Georgia  Tech  Indoor  Flight  Facility. 
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Performance  of  a  Hopping  Rotochute 


Eric  Beyer  and  Mark  Costello1 
School  of  Aerospace  Engineering 
Georgia  Institute  of  Technology’ 
Atlanta,  Georgia  30332 


Nomenclature 

aB/i  ’  aHU  ’  aru  :  Acceleration  of  base,  rotor,  and  system  mass  center  with  respect  to  the  inertial  frame 

C d  j  CL ,  C M  ■  Aerodynamic  drag,  lift,  and  moment  coefficients 
c  :  Coefficient  of  damping 
C  :  Aerodynamic  reference  chord 
cm  :  Viscous  damping  coefficient 

Fc  :  Contact  force  applied  to  base  in  base  body  reference  frame 
FCST  '■  Constraint  force  in  base  body  reference  frame 

t-t  B  t-t// 

T  A  ,  r  A  :  Aerodynamic  force  of  base  and  rotor  in  base  body  reference  frame 

T-T  B  Jf'H 

T w  ,  Tw  ;  Weight  of  base  and  rotor  in  base  body  reference  frame 
S  :  Acceleration  of  gravity 

T  T  B 

Mb/j  :  Angular  momentum  of  base  with  respect  to  inertial  frame  about  base  mass  center 

H H/I  \  Angular  momentum  of  rotor  with  respect  to  inertial  frame  about  rotor  mass  center 
/  :  Effective  inertia  matrix  in  base  body  reference  frame 

tB  tB  tB  tB  tB  tB  .  . 

1xx>1yy’1zz>1xy’>1xz->1yz  :  Base  inertia  matrix  terms  about  base  mass  center  in  base  body  reference  frame. 

Graduate  Research  Assistant,  Member  AIAA. 

1  Sikorsky  Associate  Professor,  Associate  Fellow  AIAA. 
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T H  tH  tH  tH  tH  tH  ...  ,  . 

*  xx’*YY9*zz’*  xy>*  xz’*yz  :  Rotor  inertia  matrix  terms  about  rotor  mass  center  in  base  body  reference  frame. 
k  :  Spring  constant 

Lt,Mt,  N t  ■  Total  applied  moment  components  about  connection  point  in  base  body  reference  frame 
mB ,  mH ,  rnT  ■  Mass  of  base,  rotor,  and  system 

Mc ;  Contact  moment  applied  to  base  about  connection  point  in  base  body  reference  frame 
Mcst  :  Constraint  moment  in  base  body  reference  frame 

■  Total  external  moment  applied  to  base  and  rotor  about  connection  point  in  base  body  reference  frame 
M M :  Motor  moment  in  base  body  reference  frame 

P’"’r  :  Components  of  angular  velocity  vector  of  base  in  base  body  reference  frame 
r h  '■  Angular  velocity  of  rotor  along  yaw  axis  in  base  body  reference  frame 
r d^>f  '■  Position  vector  from  some  point  D  to  some  point  F 
S  :  Aerodynamic  reference  area 
S  :  Spring  deflection  distance  vector 

Tbh  :  Transformation  matrix  from  the  rotor  to  the  base  body  reference  frame 

Thr  :  Transformation  matrix  from  the  rotor  blade  to  the  rotor  body  reference  frame 
u,v,w  .  Components  of  velocity  vector  of  system  mass  center  in  base  body  reference  frame 
UA’VA’WA  :  Relative  aerodynamic  velocity  components 
wf  ’  wuf  '■  Filtered  and  unfiltered  inflow  velocity 

xn  y  ]izi  '■  Components  of  position  vector  of  system  mass  center  in  an  inertial  reference  frame 
XT ,  YT ,  ZT  :  Total  applied  force  components  in  base  body  reference  frame 
P  :  Air  density 

:  Euler  roll,  pitch,  and  yaw  angles  of  base 
^R’Tr’^r  '-  Rotor  blade  azimuthal,  coning,  and  pitch  angle 
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y  :  Euler  yaw  angle  of  the  hub 
r1 :  Coefficient  of  friction 
r  :  Inflow  time  constant 

(®b/i  ’  mHH  '■  Angular  velocity  of  base  and  rotor  with  respect  to  the  inertial  frame 
®bih  '■  Angular  velocity  of  rotor  with  respect  to  the  base  body  reference  frame 

I.  Introduction 

Future  military  operations  will  rely  much  more  heavily  on  robotic  systems  to  perform  a  variety  of  missions. 
Ultimately,  the  success  of  these  robots  lies  in  the  basic  robot  configuration  being  properly  tailored  to  the  intended 
application.  For  complicated  battlefield  missions,  vehicle/sensor  suite/control  laws  specialized  and  matched  to  the 
intended  missions  is  critical  to  the  performance  of  the  overall  system.  One  such  difficult  mission  is  exploring  the 
interior  spaces  of  caves  and  damaged  buildings.  Current  micro  ground  and  air  vehicle  configurations  both  have 
significant  limitations  to  perform  this  mission  well.  A  new  hybrid  micro  vehicle  configuration,  called  a  hopping 
rotochute,  is  investigated  here.  The  hopping  rotochute  configuration,  shown  in  Fig.  1,  is  optimized  to  operate  within 
small  interior  spaces.  The  vehicle  is  propelled  upward  by  a  motor-driven  rotor  that  is  powered  in  short  bursts  so  the 
vehicle  hops  into  the  air  under  power  and  then  descends  to  the  ground  when  unpowered.  The  mass  properties  and 
exterior  shape  of  the  main  body  (base)  of  the  vehicle  are  designed  to  be  self-righting  so  no  matter  what  orientation 
the  vehicle  lands,  it  always  rotates  into  its  nominal  position  once  on  the  ground.  To  control  the  direction  of 
movement  of  the  vehicle,  an  internal  mass  is  rotated  around  the  perimeter  of  the  body  to  tilt  the  main  body  in  the 
desired  direction  before  a  given  launch.  This  paper  investigates  the  potential  of  this  new  hybrid  micro  vehicle, 
including  a  dynamic  model  and  system  simulation  results. 


II.  Dynamic  Model 

A  schematic  of  the  hopping  rotochute  with  associated  reference  frames  and  points  is  given  in  Fig.  2.  The 
mathematical  model  of  this  system  includes  three  translational  and  four  rotational  rigid  body  degrees  of  freedom. 
The  translational  degrees  of  freedom  are  the  three  position  components  of  the  system  mass  center.  The  rotational 
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degrees  of  freedom  are  the  Euler  yaw,  pitch,  and  roll  angles  of  the  body  as  well  as  the  rotor  yaw  angle.  The 
translational  and  rotational  kinematic  equations  of  motion  of  the  hopping  rotochute  are  given  in  Eqs.  (1)  and  (2)[ul 
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The  standard  shorthand  is  used  for  trigonometric  functions  where  =  Ca ,  sin(  O')  =  Sa  ,  ancj  tan(Q')  =  ta 

The  translational  kinetic  equations  of  motion  are  derived  by  splitting  the  two  body  system  at  the  bearing  connection 
point  and  summing  the  forces  about  the  respective  mass  centers  as  shown  in  Eq.  (3)  and  (4). 


mo  =  F  +  F  +  F  +  F 

,nBuBII  i  fy  ~r  i  A  t  i  c  -r  l  CST 


—  Z7’  H  ,  77* //  /-» 

mHaH/I~^W  +  Fa  ~FcST 


(3) 

(4) 


By  adding  Eqs.  (3)  and  (4)  together,  the  constraint  force  C^csr)  is  eliminated,  while  mBaBU  +  mHaH / 1  is  the 
definition  of  the  system  mass  center.  The  resulting  translational  dynamic  equations  of  motion  of  the  system  are 
given  in  Eq.  (5). 

mTaT/i  =Fw+Fw  +FA  +FA  +  Fc  (5) 

Expressing  Eq.  (5)  in  the  base  body  frame  results  in  the  translational  kinetic  equations  of  motion  of  the  hopping 
rotochute  shown  in  Eq.  (6) 
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where 


X, 


Y  7 
1t  ,  and 


are  the  components  of  the  total  force  expressed  in  the  base  body  reference  frame. 


The  rotational  kinetic  equations  of  motion  are  derived  in  a  similar  manner  by  splitting  the  system  into  two  bodies  at 
the  connection  point  and  summing  the  external  moments  about  this  connection  point  as  shown  in  Eqs.  (7)  and  (8). 
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(7) 


'dll 


dt 


B"  +rG^BxmBaBII  =  MG 


'dll 


dt 


+  rG^HXmHaH/l 


(8) 


The  moments  on  the  right  hand  side  of  Eqs.  (7)  and  (8)  contain  contributions  from  many  sources  as  shown  in  Eqs. 
(9)  and  (10), 


M G  —  rG^B  x  Fw  M A  +  M M  +  M c  +  M CST  (-9-) 

Mg  =  4->//x4r  +Ma  —  Mm—Mcst  (10) 

In  order  to  avoid  the  calculation  of  the  constraint  moment  i^csr)  ,  Eqs.  (9)  and  (10)  are  dotted  with  FB  since  the 
bodies  are  not  constrained  along  this  direction.  This  results  in  two  rotational  kinetic  equations  of  motion.  The  other 
two  rotational  dynamic  differential  equations  are  obtained  by  adding  Eqs.  (9)  and  (10)  and  dotting  the  resulting 

equation  with  4  and  *4  .  These  four  equations  can  be  assembled  to  represent  the  entire  set  of  rotational  dynamics 
as  shown  in  Eq.  (11). 
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The  terms  in  the  effective  inertia  matrix  are  given  by  Eqs.  (12)  through  (27)  where  the  components  of  the  position 
vectors  expressed  in  the  base  body  frame  are  represented  by  BL  BL .  and  ^  L  aiong  I B  ;  JB ;  KB  respectively. 
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^2.3  =  1 zz  +  mH  i,BLG^HBLG^H  +  SLg^hSLg^h  +  BLg^BLt^g  +  SLg^hSLt^g  j  ( 1 8) 

^2,4  =  ~^ZZ  +  mH  +  SLg^hSLg^h  )  (19) 

^3,1  =  I XX  +  I XX  +  (WV.,^  r->5  +  BLg^bBL  T-+B  )  “I" 

mH  {WLg^hWLg^h  +  BLg^hBLg^h  +  WLg^hWLt^g  +  BLg^h blt^g  ) 

^3,2  =  I xy  +  f  xy  ~  mB  ( BL(j^BSLr_tR  j  —  mH  (BLg^hSLg^h  +  BLG^HSLT^G  j  (21) 

^3,3  =  ^VZ  +  ^ZZ  —  ,nn  (WLa^BSL 

T  ->B  )-m„(WL 

G-+H  SLg^h  +WL 

G-+H  SLt^g  )  (22) 

A, 4  =  I XZ  ~  mH  (  WLg^hSLg^h  j  (23) 

^4,1  =  I xy  + 1 xy  —  m «  (SLg^BLt^b )  —  /W//  (SLG^BL(J^  +  SLg^u BLr_>(;  j  (24) 

I 4,2  ~  I YY  "*"  At  "*"  mB  {WLg^bWLt^b  +  SLg^bSLt^b  )  + 

+  wl^„wlt^ + ar<0 )  (25) 

A, 3  =  Az  + A yz  ~  mn  {WLg^bBLt^b  j  —  inu  {WLg^hBLg^h  +  WLG^HBLT^G  ]  (26) 

A, 4  =  Az  —  mH  (WLG^HBLG^H  )  (27) 

The  right  hand  side  of  Eq.  (1 1)  is  given  by  Eqs.  (28)  through  (31). 

B\  —  M G  —  coBn  x  (j  coBII  —  mBrG^B  x  [aT/I  +  coB/I  x  ( coB/I  x  rT^B )) (28) 

MG  —I  {^b/H  x^h/i)~  ®h/i  x(^  - 


mBrG->H  X  (fl777  +  ®B/7  X  (®B/7  X  ^r->G  )  (®B/7  X  ®7//7  )  X  ^G->/7  +  ®/7/7  X  (®7//7  X  ^G->//  ))  J 

^Aj  —  ®g/7  X  ®B/7  )  _  mBrG^>B  X  (fl7/7  ®B/7  X  (® BII  X  ^T—>B  ) ) 

53  =  AfG  — /  (o)B/H  X  COH/i)~ (®h/i  x(l  (O hh )—  ^A  (30) 

mB^G—>H  X(A/7  +  ®BII  X  (®B/7  X  A->G  )  (®B/7  X  <^77/7  )  X  A->//  ®77/7  X{^H/I  X 

Mg  —  (X>BII  X  ^BII  )  _  mBrG->B  X  (^77  7  ® BII  X  (®fl/7  X  )) 

54  =  Mg  —  I  (g>b/h  x a>H/i)  — (^HU  ®H/l) ~  ^ B  (31) 

mB^G->H  X(aT/i  +®B/7  X(^/7  X^7’^g)"I"(^/7  X  ®77/7  )  X  ^G^77  ®77/7  X(^77/7  X  ^G^/7  )) 
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The  resulting  rotational  dynamic  equations  of  motion  of  the  hopping  rotochute  expressed  in  the  base  body  frame  are 
given  in  Eq.  (32). 


p 

Bl 

q 

r 

b2 

V 

A 

(32) 


Forces  and  Moments 


The  weight  of  the  base  and  rotor  expressed  in  the  base  body  frame  are  given  in  Eqs.  (33)  and  (34)  respectively. 


[  yB) 

Aw 

~se 
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1  w 

yb 

1w 

'  =  mBg< 
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ZB 

l  w , 

yH 

Aw 

~se 

Fh  =< 
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Yh 

1w 

'  ~  mHg< 

sfe 

N 

_ j 

(33) 


(34) 


The  aerodynamic  force  from  the  base  is  calculated  assuming  that  only  drag  acts  on  this  body  as  shown  in  Eq.  (35). 


Xa 

U4 

ab 

FBa=< 

Yl 

’ =  -  2 p r ^  +  +  w i  SbC°b  < 

VA 
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L  ab  J 

The  aerodynamic  moment  due  to  the  base  body  about  the  connection  point  is  calculated  using 


'  lba 

0 

-wlg^CPb 

BLg^CPb 

xf 

mba=- 

mb 

>  = 

WLg^CPb 

0 

-SLg^CPb 

< 

y! 

nb 

—BLg^CPb 

BLg^Cpb 

0 

ZA, 

The  total  aerodynamic  force  due  to  the  rotor  is  calculated  by  summing  the  forces  from  each  individual  (;th)  rotor 
blade  as  shown  in  Eq.  (37). 


(35) 


(36) 
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where  NR  represents  the  number  of  rotor  blades.  The  aerodynamic  force  due  to  z'th  rotor  blade  is  calculated  by 
summing  the  forces  from  each  /lh  blade  element1’1  of  the  rotor  blade  and  is  given  by 


-I  K 

j- 1  V 


\Tbh  ]  THRj  q jSj  •  CLj  Caj  CDj  saj 

C,  s„  -  Cn  c„ 


h=\p{v\  +w\) 


a ,  =  tan 


where  NE  is  the  number  of  blade  elements  on  each  rotor  blade.  The  transformation  matrix  from  the  rotor  body 
frame  to  the  base  body  frame  is  given  in  Eq.  (42)  and  the  transformation  matrix  from  the  /h  blade  element  to  the 
rotor  body  frame  given  in  Eq.  (43). 

TCr  °1 


[Tbh\=  sr  cy  0 

0  0  1 


T  1  = 

±HRi 


c 

$ Ri  Y Ri 

cKSYmSeEj  mcev 

CA,SZft%  +  'S( 

S^mCYm 

s«JrJeEi  +ck%- 

~sr. 

crJoEJ 

crRiceEJ 

As  described,  each  rotor  blade  is  oriented  on  the  rotor  with  three  successive  rotations.  Starting  with  the  rotor  blade 
body  reference  frame  aligned  with  the  rotor  body  reference  frame,  the  rotor  blade  is  rotated  about  the  ^ n  axis  by 
the  azimuthal  angle  (0r),  then  about  the  resulting  intermediate  J  axis  by  the  coning  angle  r)  ,  and  finally  by 
the  pitch  angle  (eq  about  the  resulting  /  axis.  Note  that  in  addition  to  the  rotor  blade  pitch  angle,  each  rotor 
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blade  can  also  be  twisted.  By  defining  a  twist  per  rotor  blade  length  (^rir/sr)  ,  the  pitch  of  the  blade  element  is 
given  as 


@Ej  @Ri  +  &TW1ST  [SLE^,cPj  ) 


(44) 


The  total  aerodynamic  moment  of  the  rotor  about  the  connection  point  is  calculated  in  a  similar  manner  by  summing 
the  moments  from  each  individual  rotor  blade  as  shown  in  Eq.  (45). 
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The  inflow  velocity  through  the  spinning  rotor  is  assumed  to  be  uniform  with  dynamics  described  by  Eq.  (48) 


twf  +wf=  wuf 


(48) 


where  r  is  the  time  constant  associated  with  the  dynamics  of  the  inflow141.  The  unfiltered  induced  is  calculated 
using  both  theoretical  and  empirical  curves  which  account  for  the  different  flow  states  of  the  induced  velocity1-51. 


The  contact  forces  and  moments  that  act  on  the  base  during  impact  with  the  ground  are  calculated  based  on  a  soft 
contact  model  originally  developed  by  Goyal,  Pinson,  and  Sinden16’71.  The  model  uses  vertices  located  around  the 
perimeter  of  the  base  body  to  calculate  the  contact  forces  between  the  base  and  the  ground  (assumed  to  be  flat).  The 

contact  force  associated  with  each  contact  point  has  two  components:  a  normal  component  {E„  )  along  the  ground 

normal  and  a  frictional  component  )  in  the  tangential  plane  of  contact.  Each  vertice  has  a  normal  and  tangential 
spring  attached  to  it  along  with  a  normal  and  tangential  damper.  The  spring  constants  along  the  normal  and 
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tangential  directions  are  defined  as  kj„  and  k2t  respectively  while  the  damper  constants  are  defined  as  C;„  and  c2t .  The 
ground  also  has  similar  springs  and  dampers  in  these  two  directions  with  constants  k2m  k2t,  c2n,  and  c2t.  Assuming  all 
dampers  are  non-zero,  the  force  in  the  normal  and  tangential  directions  associated  with  a  given  vertice  v  is, 

K  =  ~K  K = ~K  +c*A^.  (49) 

where 


c  = 


CU+C2, 


(50) 


b  =■ 


- - (C2  nKnSlnv  ~  CUk2nS2nv  +  ClnC2  nAUnv) 

J-  n  v  v  v  v  ' 


cm+c2  „ 


b  = - - - (c2,kusu  ~cuk2ts2  +cuc2iAu  ) 

clt+c2tx  v/ 


(51) 


(52) 


The  difference  in  the  absolute  velocity  of  vertice  v  and  the  ground  along  the  normal  direction  and  tangential 

direction  is  given  as  Awi«v  and  Awk  respectively.  The  states  sint  and  s2nv  track  the  lengths  of  the  normal  springs 

k\„  and  k2n ,  while  suv  and  s2 track  the  lengths  of  the  tangential  springs  ku  and  k2,  of  each  contact  point.  The 
tangential  force  of  vertice  v  is  calculated  based  on  the  relation  given  in  Eq.  (53) 


(\  + 


T\—M 


(53) 


If  the  relation  | b,  |  —  // 1^„  |  holds  true,  then  a  state  of  stick  exits  and  the  variables  are  calculated 

A  =  0 


as 


A  wt  =  0 


F,=~bt, 


(54) 


If,  on  the  other  hand 


A  = 


>M 


,  the  variables  are  calculated  using  the  following  equations 


\ 

K, 

* 

c  n 

K 

Aw,  = 


Ab, 
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-b, 
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(55) 


Hence,  the  contact  force  and  moment  applied  to  the  base  body  in  the  base  body  frame  about  the  connection  point  is 
given  as 
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Fc=[Tbi] Z  K  +R 


BLG^y 


Mc=[Tt,}  £ 
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nxv  txv 
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nyv  tyv 

F  F. 


where  FF  are  the  number  of  vertices.  The  state  of  the  springs  associated  with  each  vertice  in  the  contact  model  is 
tracked  with  the  following  differential  equations. 
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The  motor  moment  acts  only  along  the  KB  direction  and  is  given  by  Eq.  (62) 

f  0  1 


MM=\  0 


During  the  power  on  phase,  the  value  of  *  ,w  is  set  to  a  value  representative  of  a  torque  produced  by  a  small  electric 
motor.  When  the  power  is  cycled  off,  the  motor  moment  can  be  set  to  zero  in  order  to  represent  a  frictionless 
bearing  or  Eq.  (63)  can  be  used  to  model  viscous  damping181. 

~  cm  (rH  )  (63) 
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III.  Simulation  Results 


To  investigate  the  dynamics  and  performance  of  a  hopping  rotochute  micro  vehicle,  the  equations  of  motion 
described  in  the  preceding  section  are  numerically  integrated  forward  in  time  using  a  fourth-order  Runge-Kutta 
algorithm.  The  hopping  rotochute  used  in  this  study  has  a  height  of  12.7  cm,  a  base  diameter  of  10.16  cm,  and  a 
rotor  radius  of  10. 16  cm  as  described  in  Table  1.  The  base  has  a  weight  of  0.4966  N  and  has  a  mass  center  which  is 
offset  from  the  axis  of  rotation  of  the  connection  point.  The  rotor  weighs  0.052  N  (see  Table  2)  and  consists  of  3 
similar  rotor  blades  arranged  symmetrically  about  the  connection  point  with  a  chord  of  1.9  cm,  a  coning  angle  of  0 
deg,  and  a  pitch  twist  of  5  deg.  To  approximate  the  shape  of  the  base  for  the  contact  analysis,  144  vertices  were 
used  in  15  deg  increments  around  the  perimeter  of  the  base  at  6  different  base  heights.  The  spring  and  damper 
coefficients  of  the  base  and  the  ground  were  assumed  to  be  the  same  with  a  spring  constant  of  50,000  N/m  and  a 
damper  constant  of  400  N-s/m,  while  the  coefficient  of  friction  between  the  base  and  the  ground  is  1.6.  The  initial 
conditions  used  in  this  study  are  outlined  in  Table  3  and  represent  the  hopping  rotochute  resting  on  the  ground 
without  any  motion. 

An  example  time  simulation  using  the  mass  properties  and  initial  condition  stated  above  was  ran  and  the  resulting 
time  histories  are  given  in  Fig.  3  through  8.  As  shown,  the  hopping  rotochute  performs  two  hops.  The  hops  are 
initiated  when  the  base  of  the  hopping  rotochute  reaches  equilibrium.  Once  the  base  is  stationary,  the  rotor  is  spun 
up  using  a  motor  moment  of  0.3  N-m  for  a  duration  of  0.5  sec.  After  the  powered  climb  has  terminated,  the  rotor  is 
free  to  spin  about  the  bearing  connection  point.  As  shown  in  Fig.  3  and  5,  the  hopping  rotochute  is  powered  at  times 
of  0.17  and  4.5  sec,  reaching  altitudes  of  5.2  and  4.9  m  respectively.  Figure  4  shows  that  the  system  travels 
approximately  2.6  m  during  the  first  hop  and  3.7  m  during  the  second.  The  difference  in  the  altitude  and  cross  range 
for  the  two  hops  is  attributed  to  the  system  being  oriented  differently  when  the  hop  is  initiated.  Figure  6  presents  the 
time  history  of  the  pitch  angle  of  the  system  versus  time.  As  shown,  during  the  power  off  descent  the  hopping 
rotochute  tends  to  cone.  The  landing  after  the  first  hop  results  in  little  pitch  change,  whereas  the  second  landing 
involves  major  pitch  changes.  This  is  attributed  to  the  increased  coning  motion  of  the  hopping  rotochute  during  the 
second  descent.  Note  that  the  low  center  of  gravity  allows  the  system  to  upright  itself  after  each  impact.  As  shown 
in  Figure  7,  the  hopping  rotochute  reaches  a  maximum  absolute  vertical  velocity  of  7.4  m/s  during  powered  flight 
and  impacts  the  ground  with  a  vertical  velocity  of  5.2  m/s.  Figure  8  demonstrates  that  the  base  body  yaw  rate 
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remains  rather  small  except  during  impact  when  the  value  increases  momentarily.  As  shown  in  Fig.  9,  the  motor 
moment  spins  the  rotor  up  to  angular  speeds  of  -1480  rad/s  and  the  aerodynamic  moments  tend  to  slow  the  rotor 
once  the  motor  moment  is  cycled  off. 

The  figures  presented  demonstrate  the  hopping  rotochutes  ability  to  navigate  in  small  spaces  while  always  up 
righting  itself  upon  impact.  The  next  step,  which  will  be  included  in  the  final  report,  will  address  the  performance  of 
these  hybrid  micro  vehicles.  Trade  studies  will  be  performed  which  will  provide  insight  on  the  maximum  range  and 
endurance  of  these  systems  with  and  without  ceiling  limits  for  given  battery  capacities. 


IV.  Prototype  Hardware 

An  example  hopping  rotochute  has  been  constructed  and  flight  tested.  The  prototype  is  shown  in  Figure  9.  The 
prototype  was  flight  tested  in  the  Georgia  Tech  Indoor  Flight  Facility  to  demonstrate  its  flight  capability  shown  in 
Figure  10.  The  flight  tests  demonstrated  the  basic  hopping  capability  of  the  rotorchute  and  its  ability  to  be  actively 
controlled.  Figures  11  and  12  show  an  example  hopping  sequence. 
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Table  1  -  Base  Mass  Properties 


Parameter 

Value 

Units 

mB 

50.5 

gm 

slg^b 

0.743 

cm 

0.0 

cm 

wlg^b 

9.902 

cm 

IB 

1 XX 

828.85 

gm-cm2 

IB 

lyy 

872.55 

gm-cm2 

IB 

1ZZ 

306.10 

gm-cm2 

IB 

1 XY 

0.0 

gm-cm2 

IB 

1  xz 

-38.84 

gm-cm2 

IB 

1 YZ 

0.0 

gm-cm2 
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Table  2  -  Rotor  Mass  Properties 


Parameter 

Value 

Units 

mH 

5.3 

gm 

slg^h 

0.0 

cm 

BLg^h 

0.0 

cm 

wlg^h 

0.0 

cm 

IH 

1 XX 

92.15 

gm-cm2 

IH 

1YY 

92.15 

gm-cm2 

IH 

1  ZZ 

184.30 

gm-cm2 

IH 

±XY 

0.0 

gm-cm2 

IH 

'  xz 

0.0 

gm-cm2 

IH 

1  YZ 

0.0 

gm-cm2 
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Table  3  -  Initial  Conditions 


Parameter 

Value 

Units 

x0 

0.0 

cm 

V0 

0.0 

cm 

zo 

-4.0 

cm 

A 

0.0 

deg 

A 

0.0 

deg 

Vo 

0.0 

deg 

To 

0.0 

deg 

u0 

0.0 

cm/s 

vo 

0.0 

cm/s 

w0 

0.0 

cm/s 

Po 

0.0 

rad/s 

Vo 

0.0 

rad/s 

ro 

0.0 

rad/s 

rH0 

0.0 

rad/s 
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Figure  1  -  Picture  of  a  Hopping  Rotochute  and  Highlights. 
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X 


Figure  2  -  Schematic  of  the  Hopping  Rotochute  with  Associated  Reference  Frames. 
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Figure  3  -  Altitude  versus  Cross  Range  versus  Range 
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Range,  x  (m) 


Figure  4  -  Cross  Range  versus  Range 
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Figure  5  -  Altitude  versus  Time 
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Figure  6  -  Pitch  Angle  versus  Time 
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Figure  7  -  Vertical  Velocity  versus  Time 
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Figure  8  -  Base  Yaw  Rate  versus  Time 


25 


Rotor  Yaw  Rate,  r  (rad/s) 


Figure  8  -  Rotor  Yaw  Rate  versus  Time 
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Figure  9  -  Prototype  Hopping  Rotochute 
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Figure  10  -  Georgia  Tech  Indoor  Flight  Facility 
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Z  position  (ft) 


Figure  11  -  Example  Measurement  Prototype  Trajectory 
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Figure  12  -  Example  Prototype  Orientation 
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